ABSTRACT We tested the concept of using a carbohydrate-based mosquito control method on saltmarsh mosquitoes. In laboratory trials, xanthan gum, a type of carbohydrate gum thickener, killed both fourth-instar and pupae of Aedes sollicitans (Walker). The lethal time 50 was shorter for the pupae than the fourth instars, 35.8 and 61.2 min, respectively. In a screen of commercially available carbohydrate gum thickeners and starches we did not Þnd any compounds that had properties, other than xanthan gum, useful for testing the concept of carbohydrate-based mosquito control. Therefore, in the Þeld study, we tested xanthan gum at the maximum rates used previously, 22 g/m 2 . This allowed us to test the concept of using such a control strategy in Þeld conditions. Under these conditions, xanthan gum increased the Ae. sollicitans mortality rate to 67% (Ϯ3.9% SE), a level not signiÞcantly different from the Abate treatment, 73% mortality (Ϯ7.7% SE). We also examined the effect of xanthan gum and a commercially available starch, National 5370, on the biological oxygen demand (BOD) in the marsh environment. This allowed us to determine at what rate a practically applicable carbohydrate would have to be delivered to the marsh environment such that the BOD is not affected. Our initial Þndings suggest a practically applicable carbohydrate-based mosquito control agent would have to be delivered at or below 2.2 g/m 2 .
MOSQUITOES ARE NOTORIOUS pests that cause discomfort to humans and livestock, as well as transmit life-threatening diseases. Like all other pest insects, mosquitoes have developed resistance to many of the conventional pesticides. In recent years, there has been pressure to reduce the levels of insecticides used to control pest insects due to public concern over environmental issues. Sweden, Denmark, and The Netherlands have passed laws to drastically reduce the levels of insecticides used in pest control (Matteson 1995) . This trend may become common in many Þrst world countries.
Many government agencies will need to continue to control mosquito populations to minimize public health risks, even while faced with the added difÞ-culties of fewer insecticides to choose from and the occurrence of resistance to those available chemicals. Also, because of increased public concern, these agencies must consider the effects of these insecticides on nontarget species and the ultimate impact on the food chain.
These are issues currently faced by the United States Fish and Wildlife Service (USFWS). Mosquito control is currently conducted on a number of National Wildlife Refuges (NWR). A previously common method of control involved the use of temephos (Abate) by either state or county agencies operating under a permit issued by the speciÞc refuge where the mosquito control took place. The USFWS would prefer to use other methods of control or not to control mosquitoes at all, because both mosquito larvae themselves and many of the effected nontarget organisms serve as food for numerous species of wildlife. However, the issue is a very controversial one, especially because public health is often involved. The USFWS, therefore, desires to use control methods that are as safe as possible for the environment while providing effective mosquito control.
Wildlife management strategies at some refuges involve providing quality habitat for wetland-dependent wildlife species. To accomplish this, wetland water levels are often manipulated to enhance vegetative or invertebrate food resources for wildlife. Chironomid larvae (Diptera), most of which are benthic feeders, provide a key food source for many species of birds inhabiting this environment. Temephos (in the Þeld), methoprene, and BTI (in the laboratory) have been shown to kill chironomid larvae, under certain conditions, as well as target mosquito species (Garcia et al. 1981; Mulligan and Schaefer 1981; Ali et al. 1985 Ali et al. , 1992 Back et al. 1985; Ali 1991a Ali , 1991b Stevens and Warren 1992; Charbonneau et al. 1994) .
Carbohydrate gum thickeners and modiÞed starches are commonly used in industrial applications, as well as food products (McNeely and Kang 1973) . These compounds have no acute oral toxicity to mammals (Cottrell and Baird 1980) . Pittendrigh and Zacharuk (1992) found that powdered xanthan gum forms a temporary layer on the surface of the water, which is effective in increasing the mortality rate of rock pool mosquito, Aedes atropalpus (Coquillett), pupae. Death was caused by asphyxiation, because the pupae were unable to penetrate the xanthan gum layer to obtain atmospheric oxygen at the air-water interface. The xanthan gum showed no direct toxicity to the pupae when mixed into the water. Because xanthan gum acts at the surface layer, and chironomids are benthic feeders, it has no acute affect on these nontarget species (Laskowski et al. 1999 ).
The xanthan gum tested by Pittendrigh Zacharuk (1992) would not be practically applicable for mosquito control, but simply allowed the authors to test the basic concept of carbohydrate-based mosquito control. Other carbohydrate compounds, such as modiÞed starches, which are much less expensive, may be more practically applicable for this purpose. Development of any modern insect control method often involves the arduous process of testing thousands of derivatives to Þnd a compound that is most effective and economically feasible (Broadhurst 1998) . Before an effort is made to develop modiÞed carbohydrates, the basic concept of using a carbohydrate-based mosquito control needs to be tested for efÞcacy against mosquito larvae and pupae in a Þeld situation. Although the rates at which xanthan would have to be delivered are not practically applicable, this compound would allow one to test the concept of carbohydrate-based mosquito control.
To the authorsÕ knowledge, the concept of carbohydrate-based mosquito control has not been tested in a Þeld situation. Additionally, the impact of carbohydrate gum thickeners or modiÞed starches on the biological oxygen demand (BOD) in a marsh environment has not been investigated. The results of the following studies are presented here. First, a laboratory study on the effect of carbohydrate gum thickeners and commercially available starches on Aedes sollicitans (Walker) (Diptera: Culicidae) larvae and pupae. Second, the effect of xanthan gum and Abate on Ae. sollicitans in Þeld trials. Third, the effect of xanthan gum and a modiÞed starch (National 5370) on the BOD of a marsh environment.
Materials and Methods
General Laboratory Methods. Field-collected Ae. sollicitans larvae and pupae were used in the laboratory experiments. All water used in the experiment was collected from Prime Hook NWR, DE, impoundment IV (3 ppt salinity, pH ranged from 6.0 to 6.2). All test compounds were evenly sprinkled by hand on the surface of the water. Mortality rates were recorded 24 h posttreatment.
Effectiveness of Xanthan Layer on Fourth Instars and Pupae. The following experiment was performed to determine if the xanthan layer described by Pittendrigh and Zacharuk (1992) was effective on Ae. sollicitans. A minimum of 20 larvae or pupae were placed in a plastic Rubbermaid Clear Box (Wooster, OH) with 6 liters of water (surface area of water Ϸ0.09 m 2 ). The treatments were as follows: (1) 2 g of powdered xanthan gum (Keltrol) applied to the surface of the water, (2) 2 g of powdered xanthan gum (Keltrol) mixed into the water, and (3) the control. At least Þve replicates were performed per treatment.
Fourth Instar and Pupal Lethal Time 50 (LT 50 ). We were interested in determining the time required for the surface layer to kill the fourth instars and pupae. Ten fourth instars or pupae were placed in 296-ml clear plastic cups (Solo, Urbana, IL) containing 200 ml of water. One gram of xanthan gum powder (Keltrol) was placed on the surface of the water and subsequently removed with a paper towel. For the larvae, the layer was removed at 0, 50, 55, 60, 70, 75, 85, 90, 100, or 120 min. For the pupae, the layer was removed at 0, 20, 25, 30, 35, 40, 45, 50 , or 55 min. At least Þve replicates were performed per period.
Initial Screen of Carbohydrate Gum Thickeners and Starches. Ten larvae or pupae were placed in each plastic cup. One gram of test material was applied to the surface of the water and at least three replicates were performed per treatment. Compounds that caused 90% or above mortality rate were then tested at a rate of 22 g/m 2 in the Rubbermaid Clear boxes. Twenty pupae were placed in each tray and a total of three replicates were performed per treatment.
Mosquito Field Study. Forty-four ponds (average pond size was 1.95 m 2 with a range from 0.42 to 5.95 m 2) in Prime Hook NWR impoundment II were tested. The depths ranged from 2.5 to 15.0 cm (average 8 cm) and an average of 54% of each pond was covered with Spartina patens vegetation. The average salinity of the water was 1.6 ppt, average water temperature was 26.5ЊC with a range of 23Ð31ЊC, and an average pH of 6.2 (range, of 6.1Ð 6.4). Ponds were randomly assigned to one of the following treatments: (1) control, (2) Abate (5.60 kg/ha active ingredient plus carrier; 0.11 kg/ha of active ingredient), xanthan gum (Keltrol; 220 kg/ha; 22 g/m 2 ), or xanthan gum (Keltrol f/f; 220 kg/ha; 22 g/m 2 ). Ten pretreatment and 10 posttreatment dips were taken for each pond before treatment using a 350-ml VectoBac dipper (Clarke Mosquito Control Products, Roselle, IL). More than 90% of the immature mosquitoes present were Ae. sollicitans. Approximately 80% of the immatures were fourth instars or pupae; the rest of the mosquitoes were third instars.
Biological Oxygen Demand. The following experiment was performed to determine if the presence of starches or carbohydrate gum thickeners in the pond environment would signiÞcantly increase the BOD. Twenty-seven high-density polyethylene buckets (37 cm high, 13-cm radius, Plastican, Dallas, TX), with their bottoms removed, were placed into a marsh area in impoundment IV at Prime Hook Wildlife Refuge. The area lacked growing vegetation and had a uniform depth of 10 cm, and uniform water parameters (pH 6.0 Ð 6.2 and salinity of 3 ppt). The pails were driven down Ϸ20 cm into the benthic layer (water depth of 10 cm). The pails were randomly placed 1 m apart from one another. The following treatments were applied: (1) g/m 2 starch. Treatments were mixed into the water; the debris was allowed to settle over 24 h; and 1 liter of water was taken for BOD determination. The BOD was determined as described by EPA method 405.1 (EPA 1992) by the Environmental Services Section, Division of Water Resources, Department of Natural Resources and Environmental Control, Dover, DE.
Statistics. In the initial and secondary screens of carbohydrate gum thickeners, analysis of variance (ANOVA) was used to compare for mean mortality rates among treatments. The LT 50 s for the pupae and fourth instars were calculated using PROBIT analysis. For the mosquito Þeld study, the pre-and posttreatment dips were summed and used to calculate the percent mortality rate. So that the data could be used in statistics, where it is assumed that there is a normal distribution, we transformed the percent mortality using the arcsine of the square root of the percent mortality. In the (control) ponds where post Ͼ pre-, a mortality rate of 5% was assumed (before transformation) for mathematical reasons. In the treated ponds, post Ͻ pre-was always observed. These data were analyzed using an ANOVA and a protected least signiÞcant difference (LSD) test. For BOD, a completely randomized design was used for the nine treatments and the three replicates per treatment. The BOD was analyzed using both an ANOVA and regression for both the Keltrol and National 5730 treatments.
Results

Effectiveness of Xanthan Layer on Fourth Instars
and Pupae. The presence of a layer at the surface of the water increased Ae. sollicitans mortality rates in the case of both the fourth instars and the pupae to 100% (Table 1) . When mixed into the pond water, xanthan gum did not increase the mortality rates of the immature mosquitoes as compared with the control.
Fourth-Instar and Pupal Lethal Time 50 (LT 50 ). The fourth instars took longer to suffocate than the pupae: for the fourth instars n ϭ 320, 3.8 (slope) Ϯ 0.7 SE, LT 50 61.2 min (95% CL of 50.6 Ð 68.6 min) and for the pupae n ϭ 270, 6.5 (slope) Ϯ 0.7 SE, LT 50 35.8 min (95% CL of 32.8 Ð39.0 min) (Fig. 1) .
Initial Screen of Carbohydrate Gum Thickeners and Starches. Of the starches and carbohydrate gum thickeners tested, the following compounds increased the pupal mortality rates to above 90% (Table 2) : Keltrol, Keltrol f/f, National 5730, 9 HAF (CMC), 99 7 H4XF (CMC), Klucel HXF, LBG, and Xanthan EX-7258. When applied at a rate of 220 kg/ha, only xanthan gum (Keltrol) increased pupal mortality rates to 100% (Table 3) .
Mosquito Field Study. All three treatments (Abate, Keltrol, and Keltrol f/f) signiÞcantly increased the mortality rates of the immature Ae. sollicitans larvae relative to the control (Table 4 ). The Keltrol treatment was not signiÞcantly different from the Abate treatment.
Biological Oxygen Demand. Our preliminary results suggest that xanthan and National 5370 signiÞ-cantly increased the BOD when applied at a rate of 11 g/m 2 (Table 5 ). According to SteinÕs two-stage sample (Steele and Torrie 1980) , a larger scale study will need to be performed to support this hypothesis. There was a general trend for increasing levels of BOD because more xanthan and National 5370 were added to the marsh environment (xanthan: r 2 ϭ 0.62, F ϭ 21.0, P Ͻ 0.01; National 5370: r 2 ϭ 0.95, F ϭ 216.0, P Ͻ 0.01).
Discussion
The xanthan gum layer on the surface of the water, in the six liter pail laboratory experiments, killed 100% of the Ae. sollicitans fourth instars and the pupae. The xanthan layer took longer to kill the fourth instars than it did to kill the pupae. Several carbohydrate gum thickeners and starches had the ability to form a xanthan gum-like layer at the surface of the water. These compounds dissipated too rapidly (in their current form) into the water to be useful in this form of mosquito control. Although Ϸ79 Ð 89% of the fourth instars and pupae were killed by this treatment, the third instars were unaffected. In the development of any practically applicable system of mosquito control, the layer would have to remain on the surface layer longer for the third instars to be affected.
Abate also increased the mortality rate of the immature mosquitoes to 73%, a level well below the 90% plus mortality rates expected for this compound in a Þeld situation. The less than expected rate of kill for the Abate treatment was likely due to the high percent of fourth instars and pupae in the treatment ponds. Abate is less effective on the fourth instars and pupae than it is on the third instars. Thus, we do not make direct comparisons between the xanthan control and Abate due to their different modes of action.
Our preliminary results suggested that xanthan and National 5370 do not signiÞcantly increase the BOD when applied at 11Ð22 kg/ha (1.1Ð2.2 g/m 2 ). A larger scale study will need to be performed to support this hypothesis.
The xanthan layer increased the Ae. sollicitans mortality rate by its presence at the surface layer, because it had no direct toxic effect when mixed into the water (Pittendrigh and Zacharuk 1992) . The pupae were asphyxiated more rapidly than the fourth instars. This a Means for each conditions followed by a common letter are not signiÞcantly different, as determined by (P Ͻ 0.05) FisherÕs protected LSD test.
b F ϭ 9.54; df ϭ 10, 22; P Ͻ 0.001. a Approximate percent mortality. Mortalities for each conditions followed by a common letter are not signiÞcantly different, as determined by (P Ͻ 0.05) FisherÕs protected LSD test.
b ANOVA based on percent mortality. The arcsine of the square root of the percent mortality was taken to normalize the variation around the mean. Standard error is based on the normalized variation.
c F ϭ 8.31; df ϭ 3, 35; P Ͻ 0.01. Experiment performed in impoundment IV at Prime Hook. Samples used in the BOD tests were taken 24 hours posttreatment.
a BOD for each treatment followed by a common letter are not signiÞcantly different, as determined by (P Ͻ 0.05) FisherÕs protected LSD test.
b F ϭ 2.64, df ϭ 6,9, P Ͻ 0.05.
was likely due to a greater demand for metabolic oxygen in the pupal stage, or a greater ability of the fourth instars to absorb oxygen directly from the water. The third instars were also killed by the presence of xanthan layer (H.L., unpublished data), but, at the rates applied, the layer did not remain effective long enough to increase the third instar larval mortality rate (B.R.P., unpublished data). Thus, the third-instar Ae. sollicitans are vulnerable to such a control strategy, but any practically applicable compound would have to be effective longer to control this stage of development. The mortality rate caused by xanthan gum (Keltrol) in the Þeld trials was not at an operationally feasible level; however, there were several factors that would have reduced the compoundÕs efÞcacy. First, when the compounds were applied, at least 20% of the mosquitoes were third instars. Considering the properties observed in the laboratory, one would not expect effective control from xanthan gum for the third instars. Second, the ponds were covered in dense vegetation; therefore, xanthan gum did not spread laterally across the surface of the water. Hence, the xanthan gum did not likely spread effectively into the areas between the grass cover. Despite these limitations, xanthan (Keltrol) was as effective as Abate. Additionally, the less than normal rate of kill for the Abate treatment was likely due to the high percent of fourth instars and pupae in the treatment ponds. Abate is less effective on the fourth instars and pupae than it is on the third instars.
On the basis of our initial Þndings, the addition of a carbohydrate gum thickener or modiÞed starch delivered to the environment at 11Ð22 kg/ha would not increase the BOD of the marsh environment. A practical carbohydrate-based control strategy would need to be delivered at or below the aforementioned rate. Further studies will need to be done to conÞrm that the BOD is not affected when the carbohydrates are applied in other types of marsh environments.
Xanthan gum in a practical mosquito control system is out of the question for several reasons. First, xanthan gum needs to be delivered at too high a rate, both from the cost perspective as well as from an operational standpoint. Second, xanthan gum dissipates into the water too quickly. This is why so much xanthan gum is required to provide effective control. When the xanthan gum contacts the water, it begins to swell. If xanthan gum is placed on the surface of the water, an impenetrable layer will occur long enough to suffocate the mosquito larvae and pupae. The temporary layer is formed as the xanthan absorbs the water. After the xanthan has absorbed a certain amount of water, it is no longer impenetrable to the immature mosquitoes. The xanthan layer can remain on the surface for several days, but it seems to only keep this impenetrable layer for several hours. Much less compound would be required if the dissipatation rate could be reduced. Although xanthan gum is not a viable option, the limitations observed in this compound can provide the framework for the development of other carbohydrate compounds with the potential for use in mosquito control.
ModiÞed starches would be good candidates for a practical method of mosquito control. They are inexpensive and could easily be modiÞed to become more hydrophobic. Making the starches more hydrophobic would increase their efÞcacy in two ways. First, increased hydrophobicity would dramatically reduce the dissipation rate of the starches into the water. Second, a moderately hydrophobic starch would spread laterally across the surface of the water, providing for a more even distribution of the product (B.R.P., personal observations on DryFlo, National Starch Company, Bridgewater, NJ). Development of an effective carbohydrate-based mosquito control agent may be accomplished by developing starches, modiÞed with fatty acids, capable of spreading across the surface of the water and forming a layer on the surface of the water. This layer would then have signiÞcantly increased the mortality rates of the mosquito larvae and pupae in the water below.
Further study would be required to try to develop modiÞed starches that are both economically feasible and have the potential for packaging in pellet format for easy delivery to their target site. Once this has been achieved, the effects of these modiÞed starches on nontarget species must also be considered in any further development of such a control strategy. There is a possibility that such a control method may impact some other air-breathing water insects. If this is the case, then such a control strategy may be most useful in areas where these nontargets are not a concern, such as old tires, or where the nontargets of primary concern are benthic dwellers, such as chironomids, that are impacted by traditional insecticides (Norland and Mulla 1975 , Ali et al. 1981 , Creckmur et al. 1981 , Garcia et al. 1981 , Back et al. 1985 , Molly 1992 , Palmer 1993 .
It is important to note that there may be numerous limitations with the concept of carbohydrate-based mosquito control that may make it socially, physically, or economically unacceptable. Practical limitations, such as the ability to effectively deliver the compounds to the target ponds, may be an insurmountable technical hurdle. Even if the compounds can be effectively delivered, there may be problems with lack of uniform coverage. Additionally, with the current paradigm of low volume highly speciÞc toxins for insect control, a carbohydrate control system requiring larger volumes of compounds may simply not be economically competitive.
The mechanisms by which companies discover new pesticides is not in keeping with how one would have to develop effective carbohydrate-based mosquitocides. Thus, retooling to develop this group of compounds may not be worth the economic risks of development. Additionally, carbohydrate-based pesticides would only have a use in the mosquito control market unlike other compounds that can be adapted for use across a diverse array of pest insects. If the mosquito control market is a small one, in terms of proÞtability, then the development of such classes of compounds is even less economically palatable. With the advent of insect genomics, we may also see new compounds arise from identiÞcation of novel target sites in pest insects, which may allow for new generations of pesticides with even fewer effects on nontargets. All of these issues independently or collectively may make carbohydrate mosquito control a nonviable option.
Carbohydrate-based mosquito control may in fact be more practical in the short term as a delivery mechanism for other pesticides such as B. thuringiensis used to control mosquitoes. Such ßoating carbohydrate compounds attached to these pesticides may prevent the toxin from settling into the benthic layer where they may be less effective in mosquito control. Thus, by keeping the toxins at the surface layer, there may be better exposure to the target insects. Using carbohydrate-based mosquito control in this manner may avoid many of the technical and economic concerns of using such compounds directly as mosquito control agents.
